The rugate porous silicons containing multiple photonic band gaps have been generated by applying a composite waveform summed three computer-generated pseudo-sinusoidal current waveforms and exhibit three sharp photonic band gaps in the optical reflectivity spectrum. Generated multiple rugate porous silicons display three rugate peaks corresponding to the each of the sine components varied from 0.42, 0.36, and 0.30 Hz, with a spacing of 0.06 Hz between each sine component. The resulting rugate PSi films have been removed from the silicon substrate by applying an liftoff current and are then made into particles by ultrasono-method in a organic solution. The sensing experiments using these particles for organic solvents such as toluene, hexane, acetone, and methanol have been achieved. Condensing of organic vapors in the pores increases the refractive indices of entire particle which results a red shift in the photonic peaks.
Introduction
The development of new technology for silicon nanomaterials to build such a device is of great interest, because it is too complex to fabricate by using conventional lithographic method. The research on the silicon nanomaterials for various applications in the fields of opto-electronics, photonics, photovoltaics [1] , field-effect transistors [2] , optical band pass filters, chemical and biological sensors or drug delivery were intensively investigated [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . Multistructured porous silicon (PSi) such as Rugate PSi has been recently investigated for use of its possible chemical and biological applications. Because of the tunable optical properties, PSi has become a widely studied and applied material in recent years. Porous silicon is also an attractive material due to its high surface area, convenient surface chemistry, and optical signal transduction capability [13] [14] [15] [16] [17] .
Experimental Section

Sample Preparation
Rugate PSi encoded three photonic band gaps were prepared by electrochemically etching of heavily doped p++-type silicon wafer (boron doped, polished on the (100) face, resistivity; 0.8~1.2 mΩ·cm, obtained from Siltronix, Inc.). The etching solution consisted of a 3:1 volume mixture of aqueous 48% hydrofluoric acid (ACS reagent, Aldrich Chemicals) and absolute ethanol (ACS reagent, Aldrich Chemicals). Galvanostatic etching has been carried out in a Teflon cell using a twoelectrode configuration. A composite waveform summed three computer-generated pseudo-sinusoidal current waveforms varying between 51. 5 optical microscope. The morphologies of the rugate smart particles were observed with a cold field emission scanning electron microscope (FE-SEM, S-4800, Hitachi).
Results and Discussion
Photonic crystals containing multiple rugate structure result are prepared by applying a computer-generated pseudo-sinusoidal current waveform. The rugate PSi generated in this method exhibits many sharp lines in the optical reflectivity spectrum, which are able to be tuned to appear anywhere in the visible spectral range, depending on the programmed etch waveform. Rugate filters possess a sinusoidally varying porosity gradient in the direction perpendicular to the plane of the filter. The waveform used in the present work involves an individual sine component, which is represented by Equation 1.
Where Y i represents a temporal sine wave of amplitude, A i ; frequency, k i ; time, t; applied current density, B.
Triply encoded multiple rugate structures can be etched on a silicon wafer, showing three sharp spectral lines in the optical reflectivity spectrum. all of the individual sine components are summed together to create A composite waveform summed all of the individual sine components has been created and shown in Equation 2 .
Equation 2 can be converted to an analog currenttime waveform to etch using a computer-controlled digital galvanostat.
A waveform containing three separate frequency components has been applied. The values of ki for each of the sine components are varied from 0.30 to 0.42 Hz, with a spacing of 0.06 Hz between each sine component.
The values of A i and B for every sine components are 11.55 and 63.05 mA, respectively. Reflectivity spectrum of triple rugate structured PSi displayed three peaks shown in Fig. 1 . Each of the main peaks in an optical reflectivity spectrum corresponds to one of the sine components of the composite waveform, indicating that the reflectivity spectrum represents the Fourier transform of the composite current-time waveform. The reflectivity of free-standing rugate PSi film occurs at the identical location. The ultrasonication of PSi films results the reflectivities shifted to shorter wavelengths by 10.37, 11.19, 11.44 nm, respectively.
The surface images of the smart particles indicate that the distribution of the pore size is even and that good porosity is retained with no destruction of the porous structure during the ultrasonication. The particle size varied depending on the sonication time. Fig. 3 indicated that the prepared smart particles had cylindrical macropores. The pore shape, pore size, and orentation of porous silicon layers depend on the surface orentation and doping level and type, temperature, the current Triply encoded smart particles have been subjected to expose to the vapor of organics such as toluene, hexane, acetone, and diethyl ether. When the smart particles are exposed to the organic vapors, capillary condensation causes the reflectivity spectrum of the smart particles to shift to longer wavelengths shown in Fig. 4 .
Such a large red shift is characteristic of an increase in the average refractive index of the multilayers, consistent with the replacement of a significant amount of empty pore volume with analyte. Table 1 and 2 show the reflection maxima and redshift of reflection maxima for the triple rugate structured PSi under the exposure of organic vapors. The amplitude of peak shift would depend on refractive index and vapor pressure of the analyte, and the surface characteristics and the pore diameter of PSi. Since the parameter for PSi was fixed, peak shift depended on refractive index, vapor pressure of an individual analyte, and molecular polarity as well as the surface characteristics including hydrophilicity/hydrophobicity. Even though smart particles terminated with silicon hydride functionalities were hydrophobic surface and had a much greater affinity for a hydrophobic versus a hydrophilic analyte, the smart particles displayed the most red-shifted photonic feature for the analyte having the highest vapor pressure. This result indicated that the specificity of adsorption or capillary condensation at the PSi surfaces depends dramatically on the vapor pressure.
Conclusion
Triply encoded smart particles have been exposed to the vapor of organics such as toluene, hexane, acetone, and diethyl ether. The capillary condensation causes the reflectivity shifted to longer wavelengths which is characteristic of an increase in the average refractive index of the multilayers. This consistent with the replacement of a significant amount of empty pore volume with analyte. The smart particles terminated with silicon hydride functionalities were displayed the most red-shifted photonic feature for the analyte having the highest vapor pressure, indicating that the specificity of adsorption or capillary condensation at the PSi surfaces depends dramatically on the vapor pressure.
